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ABSTRACT

Silver nanoparticles (AgNPs) are by far the most extensively used nanomaterial in
general consumer products. Concurrent with this use is the major concern regarding the
toxicity of AgNPs to aquatic organisms. The most persistent question regarding the
toxicity of AgNPs is whether this toxicity is due to the nanoparticles (NPs) themselves or
the ions they release. Two primary factors influencing the aquatic toxicity of AgNPs are
the surface coating, which presumably controls the release of Ag+, and the dissolved
organic carbon (DOC) of the media, which serves as a source for ligands to bind the Ag+
and reduce bioavailability to aquatic organisms. This study was conducted to investigate
the role of these variables on the toxicity of AgNPs to the aquatic pelagic invertebrate,
Daphnia magna and to test the hypothesis that the toxicity of AgNPs to Daphnia magna
can be explained by their generation of silver ions. Acute toxicity bioassays (48h) were
conducted using silver nitrate (AgNO3) as the positive control and three AgNPs with
different surface coatings: gum arabic-coated (AgGA), polyethylene glycol-coated
(AgPEG), and polyvinylpyrrolidone-coated (AgPVP) silver nanoparticles.

Bioassays

were conducted in moderately hard reconstituted water (MHW) augmented with two
different concentrations of Suwannee River dissolved organic carbon (SRDOC).
Measurements of the total silver and dissolved silver concentration were determined at
the 48h median lethal concentration (LC50). The findings indicated that in MHW,
AgNO3 was the most toxic to Daphnia magna (LC50 =1.06 µg Total Ag/L), and AgPVP
was the least toxic (LC50 =14.81µg Total Ag/L). The dissolved silver concentrations at
the Total Ag LC50 value were similar for all nanoparticles and AgNO3. The presence of
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SRDOC reduced the toxicity (48h Total Ag LC50) of AgNO3, AgGA and AgPEG while
that of AgPVP was unchanged. The results also showed that there was a significant
decrease in the dissolved silver concentration with all the AgNPs in SRDOC. These
results supported our hypothesis that toxicity of AgNPs to Daphnia magna is a function
of ionic silver concentration.
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CHAPTER ONE
INTRODUCTION
As of March 2011, the Woodrow Wilson Project on Emerging Nanotechnologies
identified 313 consumer products with claims of incorporating silver nanotechnology or
silver colloids. This figure surpasses all other major materials used in nanotechnology
consumer products. Silver nanoparticles (AgNPs) are by far one of the most rapidly
growing classes of silver nanotechnology. Their use in consumer products spans a wide
range of categories including health and fitness, food beverages, medical applications,
home and gardening [1]. The ubiquity of these particles in consumer products lies in its
unique property to release free silver ions (Ag+), which are known antibacterial agents
[2]. Consequently, with the increased use of AgNPs, there is a potential for these particles
to get into aquatic systems. The ecological impact on these systems remains unknown.
However, our present knowledge and past history with silver contamination in natural
water in the early 1970s, is a starting point for assessing this impact [2].
Currently, a lot of uncertainty exists regarding the acute toxicity of AgNPs to
aquatic organisms. The persistent question is whether toxicity is due to the AgNPs or the
Ag+ they release. Emerging research in support of acute toxicity to aquatic organism by
Ag+ release is plentiful [3-6]. The mechanism of Ag+ toxicity in aquatic organisms is
ionoregulatory

disturbance/failure

associated

with

competitive/

non-competitive

inhibition of the sodium potassium ion dependent adenosine triphosphatase (Na+- K+
ATPase) activity. The result is the inhibition of Na+ uptake at the gills, which leads to a
sequence of events culminating in cardiac arrest and death [7, 8].
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Likewise, there is research in support of toxicity by the AgNPs [9, 10]. Here the
likely mechanism of toxicity is the production of reactive oxygen species (ROS) and
oxidative stress. These result in mitochondrial damage, membrane lipid peroxidation,
DNA and lipid damage, all of which lead to cell apoptosis. Others have shown that both
the AgNPs and the Ag+ may have a role in toxicity [11-13]. One example is the “Trojan
Horse” effect where the AgNPs enter the cells and act as a source of Ag+ leading to
cytotoxic and genotoxic damage [14].
One primary factor that may influence the aquatic toxicity of AgNPs is the
surface coating. Coatings can be complex organic compounds or synthetic polymers that
are utilized with AgNPs to increase their stability by preventing aggregation and
controlling the release of Ag+. They will determine the interaction of these particles with
their environment. Consequently, the study of these interactions and their toxicity will
give important information on the safety of these particles [15].
Another factor that may influence the toxicity of AgNPs is dissolved organic
carbon (DOC) due to its ubiquity in natural waters and its complex chemical
composition. Research shows that DOC has an ameliorative effect on the toxicity of
AgNPs to aquatic organisms [16-18]. There are many proposed mechanisms by which it
mitigates silver toxicity. However, the most prevalent mechanisms are through
interaction with functional groups and complexation reactions involving metal ions [19].
Nevertheless, there are still gaps in our knowledge about these interactions. A better
understanding of the complex physical and chemical interactions involving DOC and
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AgNPs will give greater insight into their mobility, persistence and toxicity in aquatic
systems [2, 20].
The goal of this research was to characterize the toxicity of AgNPs to Daphnia
magna. This goal was accomplished through achieving the following objectives:
1. AgNPs were characterized in exposure medium;
2. Acute bioassays with D. magna were conducted with AgNPs both with
and without the addition of dissolved organic carbon in the exposure
medium.
3. Total and dissolved Ag was quantified at the 48h Total Ag LC50.
An overriding testable hypothesis in this research was that the toxicity of AgNPs could be
explained by the concentration of Ag+ produced by the dissolution of the nanoparticle.
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CHAPTER TWO
LITERATURE REVIEW
Nanotechnology, nanoparticles
The British Standards Institute [21] defines manufactured nanoparticles (NPs) as
man-made structures with at least two dimensions in the 1 to 100 nm range. These
particles have properties unlike their bulk counterparts. Their small size greatly increases
their surface area per unit volume thus increasing the surface area for reactions. Hence
nanoparticles are highly reactive and can show superior and “unique physical, chemical
and biological properties” [2].
The Royal Society and Royal Academy of Engineering [22] defines
nanotechnology as the design, production and application of structures and systems
through the controlled modification of materials at the nanometer scale. Nanoparticles are
an example of nanotechnology. Thus NPs can be designed to give other important
mechanical, electronic, optical, biological and chemical properties. The application and
potential of nanoparticles is limitless and it now spans all different areas of our lives.
Speciation of silver nanoparticles in natural waters
Speciation of silver nanoparticles (AgNPs) is determined by the composition of
the aquatic media [4]. In aquatic environments, silver nanoparticles may stay in
suspension as particles (Ag0), aggregate, dissolve to form free silver ions (Ag+), react
with dissolved organic matter (DOM) (adsorbed Ag+) or react with other natural ligands
forming aqueous silver complexes [2, 4, 5]. Free silver ions will bind preferentially to
soft anions and donor ligands such as chloride (Cl-) and sulfide (S2-) [23, 24].
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Undoubtedly, one of the most important natural ligands in natural waters is dissolved
DOC. It is ubiquitous in natural waters and is responsible for the “biochemical cycling of
trace metals” and the fate of colloidal particles [20]. The strength of the association and
the abundance of these aquatic ligands will drive speciation of silver. For instance if the
concentration of chloride is greater than that of Ag+ then silver ions quickly precipitate as
AgCl(s), ceragyrite [2].
Ion release mechanism of silver nanoparticles
Liu and Hurt5 showed that silver ions are released from AgNPs during a
cooperative oxidative process that required protons and dissolved oxygen. The product of
this reaction was peroxides intermediates (e.g. H2O2), which reacted with the AgNPs to
produce more Ag+. The ion release pathway is as follows:
O2 + H+ + AgNPs → Ag+ + peroxide intermediates (slow) (1)
Peroxide intermediates + AgNPs → Ag+ + H2O (fast) (2)
They also showed that ion release decreased in the presence of natural organic
matter (NOM) and that the dissolution of AgNPs was inhibited in a dose-dependent
manner with respect to NOM. Some proposed mechanisms of inhibition of the
dissolution include blockage of oxidative sites by NOM, competition between the NOM
and the NPs for peroxide intermediates and reversible reaction of Ag+ to NPs where
NOM acted as the reductant [5].
Dissolved organic carbon in natural waters
Natural organic matter is a complex mixture formed from the decomposition and
decay of plant and animal material. It can also contain inorganic compounds. Aquatic

5

organic matter is divided into two fractions, particulate organic matter (POM) and DOM
based on filtration through 0.45 µm filter. Aquatic DOM is a heterogeneous mixture of a
wide range of molecules with a molecular weight of less than 10 000 Da [20, 25]. It is
quantified as “dissolved” organic carbon (DOC) since it is only the carbon atoms that are
quantified [25].
Dissolved organic carbon in natural waters consists of different chemical fractions
(Figure 2.1). The major fraction is a hydrophobic fraction that consists of fulvic and
humic acids, which possess mainly carboxylic and phenolic functional groups. Thus,
NOM is negatively charged (at ambient pH) and neutral organic species will sorb readily
to it. The latter interaction would be fast and reversible [25, 26]. The transphilic fraction
is composed of aliphatic/aromatic groups whilst the hydrophilic fraction includes bases,
amino acids and polysaccharides [26].

Figure 2.1. Composition of NOM fraction in surface water based on DOC [26].
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The role and implication of DOM in natural waters
Dissolved organic matter has an ameliorative effect on metal toxicity to aquatic
organisms. It reduces the amount of metal ions available through complexation [19] and
can control metal speciation in natural waters. It contains metal-binding functional groups
that include carboxylates, phenols, amines and thiols. Complexation of DOM with NPs
will determine the persistence of these particles in these systems and the potential risk to
aquatic organisms. However, determination of complexation constants is yet to be
resolved because of the great complexity and diversity of DOM and lack of information
[20].
Dissolved organic matter can influence different types of reactions involving
metal ions. These include redox, precipitation, dissolution and photochemical reactions
[19, 20]. The humic acid component of DOM can act as an electron donor or acceptor
[27] and can alter the oxidation state of metal ions. Apart from adsorbing to NPs, it can
generate intermediate organic and reactive oxygen radicals. The effect of such reactions
on the surface chemistry of NPs is still poorly understood [20].
Liu et al. [4] showed that AgNPs coated with Suwannee River dissolved organic
matter released lower concentrations of Ag+. In preliminary studies, Klaine et al. [18]
found that the 96h LC50 in fathead minnow increased with increasing concentration of
DOC (0, 5,10 mg/L). They also showed that water hardness (50, 100, 200 mg/L as
CaCO3) did not significantly reduce silver toxicity in fathead minnows. Karen et al. [16]
reported similar results. They showed that DOC significantly reduced silver ion toxicity
in both D. magna, and fishes whereas hardness (CaCO3) afforded very little protection. In
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addition, they found that when DOC and hardness were held constant, chloride had no
significant effect in reducing toxicity of Ag+ to these organisms. This enhanced protective
effect of DOC resulted from the small difference between the Ag-DOC binding and Aggill binding (log KAg-DOC < 9.2 and log KAg-Gill= 10.0, respectively) [28].
Surface coatings and silver nanoparticles
Surface coatings can be chemicals such as polymers, surfactants, organic or
biological molecules [29]. They are introduced on AgNPs during their synthesis by the
reduction of AgNO3 in the presence of the respective coatings. Some coatings are
expected to physically adsorb to the surface of AgNPs and increase their stability by
preventing aggregation through eletrostatic repulsion (by adsorption of charged polymers
to surfaces), steric repulsion [30] (by adsorption of uncharged polymers to the surfaces)
or electrosteric repulsion caused by both steric and electrostatic factors [31]. In addition
to preventing aggregation, stability of the NPs is attained by preventing their dissolution
[32].
The mechanism of stability of coatings varies with the chemical nature of the
coating and its interaction with its environment. Thus, coatings can be classified by their
stabilizing mechanism into electrostatic and steric stabilizers [29]. This gives rise to
differences in “colloidal interactions, mobility and toxicity” [31]. Knowledge of the
nature of the coatings of AgNPs can give valuable insight into their surface reactions,
mobility, persistence and consequently their toxicity to aquatic organisms.
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Chemical structure of PVP coating
One of the most prevalent surface coatings of AgNPs is PVP. Polyvinlpyrrolidone
is uncharged, with a polymer (polyvinyl) backbone that has six carbon atoms per
monomer unit [31] (Figure 2.2). The vinyl backbone forms a hydrophobic region around
the NP whilst the hydrophilic groups (containing nitrogen and oxygen) interact with
water. The main function of PVP is to prevent aggregation of the NPs, which is achieved
through the steric effects from the long chains of polyvinyl on the surface of the NP. The
proportion of the NP covered by PVP coating determines its steric stability. If the ratio of
PVP to AgNO3 during synthesis is less than the critical value of 1.5, then the PVP
protective effect is incomplete. However, if this ratio is more than the critical value the
protective effect is complete and there is steric stability [33].

Figure 2.2. The chemical structure of a monomer unit of polyvinlpyrrolidone coating
[30].
Studies suggest that the interaction of PVP with the silver nanoparticle is through
physical adsorption. Huang et al. [30] conducted studies on AgPVP using X-ray
photoelectron spectroscopy (XPS). They found no changes in the photoemission
spectrum for carbon and nitrogen in PVP and AgPVP, which suggests that there is no
direct interaction between Ag and these atoms. However, the photoemission spectrum for
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the oxygen atom of AgPVP implied interaction with Ag. They concluded that the PVP
coatings adsorbed onto the AgNP and that this interaction was electrostatic, occurring
between the oxygen atom of the carbonyl group (>C = O) and Ag (Figure 2.3). Zhang et
al. [33] postulated a three-stage mechanism of protection by the PVP. The first stage
involved PVP donating its lone pair of electrons of the oxygen and nitrogen atoms to
silver, forming a coordinative complex of silver ions and PVP (PVP-Ag+). In the second
stage, the complex is readily reduced in preference to Ag+ (H2O-Ag+) due to the greater
contribution of the electronic cloud from PVP. The final stage is the steric effect of the
PVP that prevents aggregation.

Figure 2.3. The chemical structure of Polyvinlpyrrolidone-coated silver nanoparticle
complex [30].
Chemical structure of GA coating
Gum arabic or gum acacia is a dried gum exudate from the Acacia senegal (A.
senagal) and Acacia seyal trees. Its ability to form stable emulsions and its high longterm stability makes it one of the most commonly used food hydrocolloid and
biopolymers in industry (food, cosmetics, beverages) [34].
Gum arabic is a complex heterogeneous polysaccharide (Figure 2.4) of high
molecular weight (mw) where three of its major components have been identified. The
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main component (90% of the gum mass) is a highly branched polysaccharide (mw≅2.5 x
105 g/mol) with a galactose backbone containing arabinose and rhamnose branches that
terminate with glucuronic acid [35]. It has a protein content of >1% and does not adsorb
to an oil-water interface [36].
The second component (10% of the total gum mass) is a glycoprotein complex
(mw≅1 x 106 g/mol) containing about 10% protein. Serine and hydroproline amino acids
link arabinogalactan covalently to a protein chain [34. 35]. The functional properties and
structure of GA is strongly linked to this arabinogalactan complex. However, there is still
some uncertainty as to its structure. One of the models used to describe its structure is the
“wattle blossom” structure (Figure 2.5) where arabinogalactan (carbohydrates blocks) are
linked by a polypeptide chain [34]. The second component is the only component that
adsorbs at an oil-water interface. In this interaction the hydrophobic polypeptide chain
adsorbs to the oil surface leaving the protruding hydrophilic carbohydrate blocks that
create steric hindrance thus preventing aggregation, which is responsible for the
emulsifying properties of GA [36].
The third, and smallest component (1% of the total gum mass) is also a
glycoprotein with 20-50% protein content. Its proteins possess different amino acids to
the arabinogalactan-protein complex [34, 35].
Gum arabic is negatively charged with a zeta potential that usually falls within 10 to -20 mV. However, a combination of electrostatic and mainly steric stabilization is
thought to produce its stabilizing effect [35].

11

Figure 2.4. The chemical structure of gum arabic (A. senagal) [36].

Figure 2.5. The schematic representation of the ‘wattle blossom’ structure of gum arabic
[36].
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Chemical structure of PEG coating
Polyethylene glycol is an uncharged polymer that interacts readily with water
through its hydroxyl functional groups (Figure 2.6). It is used as a solvent and reducing
agent as well as a stabilizer in synthesis of AgNPs [37]. Shkilnyy et al. [38] used a one
step process to produce stable, water-soluble AgNPs where PEG was covalently attached
to the metal core through a thiol group (SH) (Figure 2.7). The PEGlated AgNPs formed a
hard inner core and a soft outer organic layer. Bonet et al. [39] showed that the ethylene
glycol acts as a reducing agent during synthesis and that this organic phase is adsorbed
onto the AgNP. Stability is conferred to the particle in suspension through steric
repulsion due to the outer bulky polymer chains.

Figure 2.6. The chemical structure of a monomer unit of polyethylene glycol.

Figure 2.7. A schematic representation of polyethylene glycol-coated silver nanoparticle
[38].
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All three coatings of the AgNPs operate through steric means, which means that
in media containing electrolytes their steric effects are less impaired. However, the
efficiency of the stabilizing effect of electrostatic stabilizers is reduced in electrolyte
containing media [40].
Implications of the interaction of surface coating and DOC in natural waters
An understanding of the structure and the nature of nanoparticle surface coating
and their interaction with DOC is important to the colloidal stability of nanoparticles in
natural waters. Song et al. [41] found that the hydrophobicity of silver nanoparticle
coating and the presence of hydrophobic surfaces in the environment influence the
attachment efficiency of AgNP. They measured the relative hydrophobicity of AgPVP
and AgGA nanoparticles and their respective coatings and determined that AgPVP and
the PVP coating were more hydrophobic than that of AgGA and its respective coating.
They concluded that the hydrophobicity of silver nanoparticles was dependent on its
organic coating.
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CHAPTER THREE
MATERIALS AND METHODS
Preparation of media
Moderately Hard Reconstituted Water (MHW) was prepared using the US. EPA
recipe [42]; 190 L MILLIPORE MILLI-Q water, 11.4 g CaSO4, 11.4 g MgSO4, 0.76 g
KCL, 18.24 g NaHCO3. Suwannee River natural organic matter (SRNOM), (catalog No.
1R101N) purchased from the International Humic Substance Society (IHSS) was
weighed using a sensitive balance and dissolved in MHW. The MHW-SRNOM
suspensions were stirred on a stir plate for 30 minutes then vacuum filtered using a 0.45
µm membrane filter [21] to give the Suwannee River dissolved organic matter (SRDOM)
fraction. The total organic carbon concentration (TOC) was measured using a Shimitzu
TOC analyzer to give the Suwannee River dissolved organic carbon (SRDOC)
concentration. The AgNPs test suspensions were prepared using MHW only or by mixing
MHW and SRDOC with measured volumes of AgNP stock.
Particle synthesis
Three particles with different surface coatings were obtained: gum arabic,
polyvinylpyrrolidone, and polyethylene glycol. Gum arabic-coated silver nanoparticles
(AgGA) and AgPVP were obtained from the Center of Environmental Implications of
Nanotechnology (CEINT), Duke University, Durham, NC. The Center of Environmental
Implications of Nanotechnology synthesized the AgGA (6 nm) by adding 15 mL of 0.08
M sodium borohydride (NaBH4) to a solution of 270 mL of 0.3 g/L gum arabic and 2 mM
AgNO3. The suspension was diluted with nanopure water to a volume ratio of 1:10
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(suspension:water). The AgNPs were then separated from the suspension by
ultracentrifugation for 1h at 41 k rpm. The precipitate was re-suspended in nanopure
water. The gum arabic-coated silver nanoparticles were received in suspension with
nanopure water. The Center of Environmental Implications of Nanotechnology
synthesized the AgPVP (25 nm) by first dissolving 20 g of PVP (mw≅10 kDa) in 75 mL
of ethylene glycol and then adding 1.5 g of AgNO3 to this solution. The suspension
formed was diluted with nanopure water to a volume ratio of 1:10 (suspension:water),
digested

with

nitric

acid

(HNO3)

and

left

standing

for

24h

[43].

The

polyvinylpyrrolidone-coated silver nanoparticles were received in suspension with
nanopure water. Rice University synthesized the AgPEG (4.7 nm) by adding mPEG-SH
of size 5 kDa (3.5 x 10-7 M) in CHCl3 to silver nanocrystals in hexane, stabilized with
oleic acid (total molecular silver of 0.5 mM). MILLI-Q water was added to the mixture
to dissolve the PEGylated silver nanocrystals and the mixture was stirred for 5h. The
aqueous phase was collected and centrifuged to remove excess surfactant. The
polyethylene glycol-coated silver nanoparticles were received in suspension with
deionized water
Particle characterization
After receiving the AgNPs, their physical size and morphology were visualized by
transmission electron microscopy (TEM) using the H-7600 transmission electron
microscope with a beam acceleration of 120 kV. A dilution of each AgNP stock was
prepared using 1:10 volume ratios of stock to deionized water (DIW), AgPVP 187.0
mg/L Ag, AgGA 168.4 mg/L Ag. The stock AgPEG (28.4 mg/L Ag) was not diluted in
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DIW before it was used. The transmission electron microscopy copper grids were
prepared by placing 10 µL of each AgNP suspension on the grid and allowing it to air-dry
for a few minutes. The mean TEM particle size was obtained by using point-to-point
measurements of a large number of particles of similar sizes from more than three
different random sections on the grid (thus reducing the subjectivity of measurements).
The average intensity weighted-hydrodynamic diameter of the AgNPs was
obtained using a dynamic light scattering (DLS) technique with the Malvern Zetasizer
NanoZS. Suspensions of AgNPs (10 mg/L) were prepared using DIW, MHW and
SRDOC as the dilution media. In each case, three replicates of each suspension were used
to give an average hydrodynamic diameter. The surface charge of the AgNPs in DIW was
determined from the zeta potential using the Malvern Zetasizer NanoZS.
Organisms
D. magna cultures were maintained at the Clemson University Institute of
Environmental Toxicology (CU-ENTOX). They were cultured in MHW using the US
Environmental Protection Agency (US EPA) recipe [41] .The temperature was
maintained at 25°C ± 1°C with a light intensity of 10-20 µE/m2/s (50-100 ft) and a
photoperiod of 16 h light to 8 h darkness.
Toxicity Bioassays
D. magna acute 48h static non-renewal bioassays were conducted using AgGA,
AgPVP, AgPEG nanoparticles in MHW and SRDOC as the exposure media. AgNO3 (in
MHW and SRDOC) was used as the positive controls to document Ag+ toxicity in the
two exposure media. Suspensions of the AgNPs and the control in the two exposure
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media were made up and these were allowed to equilibrate for 48h before use in the
bioassays. The bioassays were conducted at 25 ± 10 C following the US EPA guidelines
[42]. Five to six different test concentrations of each compound were prepared using each
exposure media. Controls consisted of only the exposure media. Thirty milliliters of each
test concentration and the control were placed in thirty-millimeter glass beaker test
chambers. Initial dissolved oxygen concentration (DO) and pH were measured. Five D.
magna neonates, less than 24h old, were added to the test chambers. Each test chamber
was replicated three times (a total of 15 organisms per test concentration and control).
Temperature readings were taken at 0h, 24h and 48h. The number of live neonates was
recorded at 24h and 48h. At test completion (48h), final DO and pH were measured by
combining the contents of the replicate beakers.
Total Ag analysis
The total silver (operationally defined as the total acid recoverable silver at the
48h Total Ag LC50 concentration) was measured at CU-ENTOX. Measurements were
made using suspensions that mimicked the 48h Total Ag LC50 concentration (as was
determined from toxicity bioassays). In cases where the 48h Total Ag LC50
concentrations were close to the lower detection limit for inductively coupled plasmamass spectrometry (ICP-MS) analysis, concentrations were increased by a factor of 10 or
100. Three replicates of 5 mL samples of suspension were acidified with 1% HCl. The
samples were then analyzed using ICP-MS (ThermoFisher Scientific X Series 2).
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Dissolved Ag analysis
Dissolved silver was operationally defined as Ag+ and soluble Ag-ligand
complexes measured at the 48h Total Ag LC50 concentration. Dissolved Ag was
measured at Rice University. Separate volumes of the same suspensions made up for
Total Ag analysis were used in the dissolved Ag analysis. Separation of the dissolved
fractions from the particulates was achieved through the use of 3 kDa molecular weight
cut-off (MWCO) Amicon centrifugal filter tubes. A filter membrane with a pore size
(MWCO) of 3 kDa would allow ions and complexes of sizes less than 0.0015 µm to pass
into the filtrate (as the dissolved fraction). Three replicates of 4 mL of the 48h Total Ag
LC50 suspensions were centrifuged at 3700 rpm for 30 minutes. The filtrate was
collected and set aside. The residue left on the membrane filter was re-suspended in fresh
media and centrifuged as before. This filtrate was collected and added to the initial
filtrate and the procedure was repeated three times. The final filtrate was digested in
HNO3 (70%) this was then diluted to 10 mL and acidified with 1% HCL. The acidified
solution was first analyzed using inductively coupled plasma-optical emission
spectrometry (ICP-OES) to obtain a concentration range and a second analysis was
conducted on fresh samples using the more sensitive ICP-MS.
Experimental design
The treatments consisted of AgNO3, and three AgNPs with different coatings,
AgPVP, AgGA and AgPEG. Silver nitrate was the positive control, which was used to
document Ag+ toxicity in each exposure medium. The exposure media consisted of
MHW augmented with SRDOC. The exposure media concentrations were 0 mg C/L
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(MHW), 2 mg C/L and 10 mg C/L. Five to six Ag test concentrations were used in
addition to a control. Five test organisms (D. magna) were placed in 30 mL glass beakers
with three replicates of each test concentration. The toxicity of AgNO3 and the AgNPs to
D. magna was determined by mortality after 24h and 48h. The organisms were fed 2 to
4h before the bioassay but not during the bioassay. The 48h Total Ag LC50 was then
determined for each compound in the exposure medium. New test suspensions that
mimicked the 48h Total Ag LC50 were prepared. The Total Ag concentration at the 48h
Total Ag LC50 was measured using ICP-MS. The dissolved fraction containing Ag+ and
soluble Ag-ligand complexes was separated from each AgNP suspension using 3 kDa
molecular weight cut-off (MWCO) Amicon centrifugal filter tubes. The dissolved
fraction was then analyzed using ICP-OES and ICP-MS. We hypothesized that speciation
of the AgNPs in MHW would yield Ag+ which is known to be toxic to D. magna.
However, in the presence of SRDOC, complexation between Ag+ and SRDOC ligands
occurs thus reducing Ag+ and in turn the toxicity to D. magna. The surface coatings of
the AgNPs would influence this reduction in toxicity thus linking AgNP toxicity in D.
magna to the release Ag+ from these particles.
Statistics
Trimmed Spearman-Karber LC50 estimation program (ESTSK Version 3.10
Erich D. Strozier 1992-1997) was used to obtain the 48h median lethal concentration
(LC50) including the 95% confidence interval (CI) of each test compound in the dilution
media. Non-overlapping CI was used to define the statistical significance of the 48h Total
Ag LC50 values.
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The statistical difference between Total Ag and dissolved Ag at the 48h Total Ag
LC50 values of the treatments in MHW and SRDOC was determined with SAS 9.2. This
was achieved using a one-way analysis of variance (ANOVA). The Brown and Forsythe
test of homogeneity was used to test the variance among treatments and the Shapiro-Wilk
test was used to test for normality of treatments. The Tukey Standardized Range test was
used to control for experiment-wise error (p < 0.05).
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CHAPTER FOUR
RESULTS
Particle characterization
The size of AgPEG (8.07 ± 3.84 nm), AgGA (17.90 ± 7.24 nm) and AgPVP
(38.79 ± 9.97 nm) in DIW as measured by TEM was larger than the nominal sizes
reported at the time of synthesis (4.70 ± 1.30, 6.0 ± 5.0 nm and 25.0 ± 5 nm, respectively)
(Table 4.1). The TEM micrographs of the AgNPs in DIW (Figure 4.1) showed that all the
particles were spherical or near spherical in shape and non-agglomerated with the
exception of AgGA (Figure 4.1a).

(a)

(b)

(c)

Figure 4.1. Transmission electron micrographs of Silver Nanoparticles in Deionized
water (DIW) (a) AgGA (b) AgPVP (c) AgPEG.
The comparison of the mean TEM size of the AgNPs in DIW compared to MHW
and SRDOC revealed some similarities in behavior in the different exposure media
(Table 4.1). The mean TEM size of AgPEG increased significantly (p < 0.05) in both
MHW and SRDOC while that of, AgPVP showed a significant (p < 0.05) increase in
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MHW only. On the other hand, the mean TEM size of AgGA decreased significantly (p <
0.05) in both MHW and SRDOC.
There were also similarities in the mean TEM sizes of AgNPs in MHW compared
to SRDOC. The mean TEM size of AgPEG increased significantly (p < 0.05) in both
concentrations of SRDOC (1.46 mg C/L, 10.43 mg C/L). However, this increase was
more pronounced in the low concentration of SRDOC. Gum arabic-coated silver
nanoparticles also showed a significant increased (p < 0.05) in the mean TEM size
however, this was concurrent with the increase in SRDOC. On the other hand, there was
a significant decrease (p < 0.05) in the mean TEM size of AgPVP in both concentrations
of SRDOC (1.46 mg C/L, 9.61 mg C/L).
In general the hydrodynamic diameters for all the AgNPs were considerably
larger than the mean TEM sizes (Table 4.1). Polyvinylpyrrolidone-coated silver
nanoparticles showed a significant increase (p < 0.05) in the hydrodynamic diameter in
MHW compared to DIW. A significant increase (p < 0.05) in the hydrodynamic diameter
was also seen with AgGA but in both concentration of SRDOC. However, there was a
significant decrease (p < 0.05) with AgPEG in SRDOC (10.43 mg C/L).
There were also increases in hydrodynamic diameters of AgPEG and AgGA in
SRDOC compared to MHW. In the case of AgGA the increase was concurrent with the
concentrations of SRDOC (1.46 mg C/L, 11.30 mg C/L). The AgPVP was the only AgNP
in which there was no significant change in the hydrodynamic diameter in both
concentrations of SRDOC (1.46 mg C/L, 9.61 mg C/L).
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The surface charge of the AgNPs was determined from their zeta potential using
the Malvern Zetasizer NanoZS. The zeta potential gives an indication of the surface
charge of the particle in the medium, which can give insight into the electrostatic
stabilizing effect. However, when the surface of a particle possesses adsorbed polymers
the zeta potential is lowered and stabilizing effect can be attributed to steric or
electrosteric (steric and electrostatic) effects [40]. All the AgNPs had a negative zeta
potential in DIW. Polyvinylpyrrolidone coated silver nanoparticles had the least absolute
zeta potential value (−0.103 ± 5.52 mV) while AgPEG had the largest absolute zeta
potential (−26.1 ± 4.39 mV). The zeta potential of AgGA was −11 ± 4.11 mV.
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Table 4.1. The mean size of silver nanoparticles using transmission electron microscopy
and hydrodynamic diameter using dynamic light scattering.
Media
AgGA

DIW

SRDOC
(low)

MHW

SRDOC
(high)

TEM size ± SD
(n)

17.90 ± 7.24
(166)

7.47 ± 2.20 *
(225)

8.19 ± 2.07 Ψ
(225)

12.25 ± 7.74 Ψ
(228)

DLS z-average ± SD
(PDI ± SD)

110.2 ± 2.35
(0.45 ± 0.01)

106.20 ± 0.56
(0.37 ± 0.01)

115.2 ± 0.65 Ψ
(0.46 ± 0.01)

120.73 ± 5.72 Ψ
(0.47 ± 0.01)

TEM size ± SD (n)

38.79 ± 9.97
(346)

47.82 ± 10.74 *
(215)

38.40 ± 7.77
(314)

34.90 ± 7.38 Ψ
(314)

DLS z-average ± SD
(PDI ± SD)

69.40 ± 1.23
(0.24 ± 0.01)

80.70 ± 2.79 *
(0.23 ± 0.003)

79.10 ± 0.41 Ψ
(0.25 ± 0.01)

80.77 ± 0.91Ψ
(0.24 ± 0.005)

AgPEG
TEM size ± SD
(n)

8.07 ± 3.84
(315)

10.38 ± 4.28 *
(214)

19.44 ± 5.27 Ψ
(217)

11.36 ± 4.05 Ψ
(220)

DLS z-average ± SD
(PDI ± SD)

82.77 ± 3.18
(0.22 ± 0.22)

73.97 ± 1.00
(0.27 ± 0.03)

82.40 ± 3.86
(0.26 ± 0.05)

70.0 ± 0.46 Ψ
(0.22 ± 0.01)

AgPVP

*

Significantly different in MHW compared to DIW
Significantly different in SRDOC compared to DIW
Significantly different in SRDOC compared to MHW
DIW=deionized water; MHW=moderately hard water; SRDOC=augmented Suwannee River dissolved
organic carbon; NP=nanoparticle; n=total number of particles measured; SD=standard deviation; low
(AgGA)=1.46 mg C/L, low (AgPVP)=1.46 mg C/L, low (AgGA)=1.46 mg C/L; high (AgGA)= 11.30 mg
C/L, high (AgPVP)= 9.61 mg C/L, high (AgPEG)= 10.43 mg C/L.
Ψ

Toxicity bioassays
Total Ag LC50 values in MWH without DOC ranged from 1.06 to 14.09 µg Ag/L
(Table 4.2).

Based on the total Ag LC50 values the order of toxicity in MHW without

DOC was AgNO3 > AgPEG = AgGA > AgPVP. The addition of DOC to the MHW in
general decreased treatment toxicity although not always in a dose-dependent manner.
The total Ag LC50 values for AgNO3 increased significantly with the addition of 1.50 mg
C/L but did not change further with the addition of 9.61 mg C/L. The presence of DOC
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had no effect on the toxicity of AgPVP while the addition of 1.46 mg C/L resulted in an
increase in toxicity of AgGA and the addition of 10.43 mg C/L significantly decreased
toxicity. Based on dissolved Ag at the LC 50 value the order of toxicity in MHW without
DOC was also AgNO3 > AgPEG = AgGA > AgPVP.
Total Ag and dissolved Ag at the 48h Total Ag LC50
The total and dissolved Ag was measured in suspensions produced to mimic the
48h Total Ag LC50 for each treatment (Table 4.2). The same suspensions prepared for
the toxicity bioassays were not used for these measurements because the calculated 48h
Total Ag LC50 concentrations were close to the detection limit for ICP-MS analysis (1
µg/L). Consequently, in the mimic suspensions, the 48h Total Ag LC50 values was
increased by 10 to 100 times the original values to measure the total and dissolved Ag. In
the absence of DOC, the measured total Ag of the suspensions produced to mimic the 48h
Total Ag LC50 ranged from 50 to 70% of the computed LC50 value while the dissolved
Ag ranged from 10 to 100% of the total Ag. Errors in preparing the suspensions may
explain the differences between the percentages of the measured total Ag and the
computed LC50 values. Total Ag in treatments without DOC ranged from 0.61 to 7.17
µg/L. Dissolved Ag at the LC50 in MHW without DOC were much closer among
treatments than the total Ag values and ranged from 0.7 to 1.58 µg Ag/L. In general,
dissolved Ag values in treatments with DOC were lower than total Ag values in the
suspensions produced to mimic the total Ag LC50 for each treatment.
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Figure 4.2. The dissolved Ag and total Ag values at the 48h Total Ag LC50 in D. magna
in MHW. Error bars represent standard deviation calculated from three samples.
Different letters show significant differences (p < 0.05).
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Table 4.2. The Total Ag and dissolved Ag concentrations at the 48h Total Ag LC50 in D.
magna exposed to AgNO3, AgPVP, AgGA and AgPEG in exposure media.
Total Ag
(µg/L) b

Dissolved Ag
(µg/L) c

0.61 ± 0.008 +

0.7 ± 0.002

1.50 mg C/L SRDOC

1.06 (0.85, 1.31)
4.93 (4.11, 5.91)

2.79 ± 0.059

1.33 ± 0.050*

9.61 mg C/L SRDOC

4.85 (4.35, 5.41)

3.03 ± 0.054

2.28 ± 0.050*

MHW

3.41 (3.26, 3.51)
ø
2.27(1.98, 2.61)
13.08 (11.48, 14.90)

2.3 ± 0.061

1.15 ± 0.010*

2.8 ± n/a

0.34 ± 0.070*

11.50 ± n/a

0.97 ± 0.140*

2.22 ± 0.029

1.58 ± 0.030*

1.46 mg C/L SRDOC

3.16 (2.71,3.68)
2.14 (1.80, 2.55) Ψ

11.30 mg C/L SRDOC

3.48 (3.02, 4.00)

3.096 ± 0.025

MHW

14.81 (11.53, 19.02)
14.04 (11.77, 16.74)

7.17 ± 0.081

0.74 ± 0.020

1.46 mg C/L SRDOC

6.81 ± 0.101

undetected

9.61 mg C/L SRDOC

14.09 (12.82, 15.49)

7.03 ± 0.152

0.03 ± 0.160*

Compound

Media

AgNO3

MHW

AgPEG

1.46 mg C/L SRDOC
10.43 mg C/L SRDOC
AgGA

AgPVP

MHW

48h Total Ag LC50 µg/L
(95% CI) a

a

1.95 ± 0.029

0.69 ± 0.060
+

0.71 ± 0.050

, ø, Ψ, Significance denoted by non-overlapping CI within AgNP treatments
Significance at p < 0.05 within treatments
c
* Significance at p < 0.05 within treatments
MHW=moderately hard reconstituted water; 48h Total Ag LC50=48 hour median lethal concentration; CI=
confidence interval; Ag=silver; Ag+=silver ions; SRDOC= augmented Suwannee River dissolved organic
carbon.
b+
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CHAPTER FIVE
DISCUSSION
An understanding of the physical characteristics of the AgNPs in different media
can give great insight into their colloidal stability and dissolution. In turn, these
properties will influence the fate, transport, persistence and toxicity of the particles in
aqueous systems.
The measured TEM sizes of all the AgNPs were larger than their nominal sizes
due to the formation of agglomerate over time. The TEM micrographs of AgGA in DIW
showed agglomerated particles while the other AgNPs appeared spherical or near
spherical in shape and non-agglomerated (Figure 4.1). The agglomeration evident with
AgGA in DIW indicated that the particles were unstable. Agglomeration of particles in
suspension occur when the surface charge of the particles are insufficient to overcome the
attractive van der Waals forces between the particles. The zeta potential, a measure of
surface charge, of AgGA was −11 ± 4.11 mV. This value is in a range generally accepted
to be very unstable (−20 mV to −11 mV). Suspensions with a zeta potential greater than
+30 mV or greater than −30 mV (absolute value) is considered stable [44]. The gum
arabic coating is anionic. Its stability results from electrostatic repulsion as well as steric
repulsion due to the large molecular weight and bulky nature of GA [35]. The presence of
agglomerates in a media can impede dissolution of the particles, by reducing the amount
of solute that will dissolve when the system reaches equilibrium [45].
Surface charge is not the sole predictor of NP stability in suspension. AgPVP
appeared to be near spherical and very stable with no agglomeration despite its near zero
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zeta potential (−0.103 ± 5.52 mV) that indicated it should have been very unstable in
suspension. The PVP polymer coating is uncharged and its stability is due to steric
repulsion as a result of the long polyvinyl chains [38]. The presence of these polymers
on the NPs may cause a decrease in the zeta potential due to shifting of the shear plane
further away from the NP surface [40]. The slight negative charge may have also been
due to small amounts of residual products adsorbed to the surface of the NP during
synthesis [46].
Compared to AgGA and AgPVP, AgPEG appeared to be well dispersed in DIW.
The Polyethylene glycol-coated silver nanoparticles had the largest absolute zeta
potential (−26.1 ± 4.39 mV). However, like PVP, the PEG coating facilitates particle
stability via steric repulsion of its bulky groups as opposed to electrostatic repulsion [38].
Consequently, the zeta potential of AgPEG should have been close to zero.
The presence of ions in MHW and the charged and uncharged groups associated
with SRDOC influenced the colloidal stability and the effective sizes of the AgNPs.
Dissolved organic carbon in natural waters has been shown to decrease the aggregation of
NPs by adsorbing to surfaces and inducing repulsive charges among the particles [47,
48]. The apparent increase in size of the some of the AgNPs may be attributed to
adsorbed SRDOC on their surface. However, the adsorbed SRDOC around AgGA may
have dispersed the particles, decreasing aggregation resulting in a decrease in particle
size.
For the purpose of this study, the Total Ag was operationally defined as the total
acid recoverable silver at the 48h Total Ag LC50 concentration and the dissolved Ag was
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defined as Ag+ plus soluble Ag-ligand complexes measured at the 48h Total Ag LC50
concentration. The results showed that there was agreement between the dissolved Ag
and the Total Ag value of AgNO3 in MHW. Since silver nitrate dissociates completely in
water to give Ag+ it would be expected that these two values would be in agreement.
Inorganic equilibrium speciation of AgNO3 in MHW at the 48h LC50 concentration (pH
8 and 25 0C) using Visual MINTEQ (version 3.0) showed that the most dominant species
was Ag+ (89.99%) followed by AgCl (aq) (8.81%). Hence the Total Ag at the 48h Total
Ag LC50 was almost entirely Ag+.
On the other hand, the dissolved Ag value was less than the total Ag value for the
AgNPs in MHW, which was expected because the speciation of these particles in MHW
would have included suspended nanoparticles, very small amounts of soluble complexes
as well as Ag+. The dissolved Ag would depend on the dissolution of the particles and
depend on the medium as well as the particle surface coating. By comparing the
dissolved Ag value with the total Ag value of the AgNPs we estimated the relative
solubility of the AgNPs in MHW. The AgPVP remained fairly intact in MHW since the
dissolved Ag was only 10% of total Ag. In contrast, AgGA was almost completely
dissolved in MHW as dissolved Ag was 71% of total Ag. The AgPEG was approximately
50% soluble in MHW.
A recently published study by Bone et al. [49] investigated the speciation of
AgPVP and AgGA (using X-ray absorption near edge spectroscopy) in microcosm
treatments (that consisted of different combination of treatments of water, sediments,
plants). They found similar results for the solubility of AgPVP and AgGA. They found
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that AgPVP was stable in all microcosm treatments (92.4- 95.5% Ag0) and that AgGA
had a significantly higher rate of transformation in all the treatments (<58.9 - <85.6%
Ag0). The difference between their results and ours for AgGA may have been due to the
presence of DOC in their systems.
The dissolved Ag of the AgNPs was similar to that of AgNO3 in MHW. Since the
dissolved Ag value of AgNO3 was almost entirely Ag+ (0.7 ± 0.002 µg/L) and the
dissolved Ag of the AgNPs were equal to or greater than that of AgNO3 then it can be
concluded that the toxicity observed in the AgNP treatments could be attributed to Ag+.
The dissolved Ag in the AgPEG and AgGA treatments that was in excess of that in the
AgNO3 treatment may have been composed of Ag-ligand complexes of the dissolved
gum arabic or polyethylene glycol coatings that resulted from particle dissolution (see
discussion below). If the dissolved Ag at the 48h LC50 of the AgNPs had been lower than
that of AgNO3 it would have suggested that the observed toxicity was due to both Ag+
and AgNPs.
The fact that AgGA and AgPEG in MHW had dissolved Ag values (1.58 ± 0.030
µg/L, 1.15 ± 0.010 µg/L, respectively), which exceeded that of AgNO3, gave an
indication that other interactions were at play and contributed to the dissolved Ag values
obtained. The formation of soluble complexes in solution increases both the solubility
and dissolution of solutes [45]. Therefore, we proposed that in each case the dissolved Ag
value consisted of Ag+ and soluble ligand complexes. The gum arabic coating is a
heterogeneous anionic polysaccharide and as such it is an excellent source of carbon.
Consequently, if this coating became detached in the suspension it would have acted
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similarly to DOC forming soluble ligand complexes with Ag+, which could have
accounted for the high dissolved Ag value for AgGA.
We also proposed that the high dissolved Ag value obtained with AgPEG
compared to that of AgNO3, was also due to some Ag+ forming ligand complexes with
the free PEG polymer chains. Luo et al. [50] attributed the high stability of their AgPEG
colloids to free polymer chains in the dispersion, which provided steric hindrance
between particles. Thus the lower dissolved Ag value of AgPEG compared to AgGA may
be explained by the covalent attachment of the coating to the NP. This attachment in
AgPEG occurs through a thiol group (S-H) that may have been more difficult to break to
form free PEG polymer.
The stability of AgPVP can be attributed to the PVP coating. Zhang et al. [33]
showed that if the ratio of PVP to AgNO3 was greater than the critical ratio value of 1.5
then the PVP protection was complete. In our case this ratio was 13.33 at the time of
synthesis. This showed that AgPVP was completely protected by its PVP coating hence
dissolution of the particle should have been at a minimum. In addition, the probability of
PVP coating becoming detached from the NP and acting as a ligand to bind Ag+ would
have been low. This idea was supported by the interaction of the PVP coating and the Ag.
Huang et al. [30] found that this interaction was an electrostatic type interaction
(adsorption) that occurred through the oxygen atom of the carbonyl group (>C = O) and
Ag. During synthesis, the PVP donated its lone pair of electrons from both oxygen and
nitrogen to Ag to form a coordinate complex of Ag+ and PVP (PVP-Ag+). The strength of
adsorption of PVP to the surface of the NP was such that it cannot be washed off even
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with many applications of water or acetone. Added to this, was the idea that since the Ag+
received a greater electron cloud from PVP than it would from water, the PVP-Ag+
complex was more readily reduced as compared to the Ag+ (H2O- Ag+) [33]. Compared
to AgPEG, which is covalently attached to the NP through the thiol functional group,
AgPVP have more binding groups for ions. Hence AgPVP would be more stable than
AgPEG in solution. Therefore we concluded that the probability of the PVP becoming
detached from the NP and acting as a ligand, binding to Ag+ was minimal.
The 48h Total Ag LC50 results in SRDOC showed that AgNO3, AgPEG and
AgGA were less toxic to D. magna in the presence of DOC. These results supported the
idea that the SRDOC served as a source for ligands to bind the Ag+ and thus reduced the
toxicity in D. magna. In contrast, the 48h LC50 of AgPVP in SRDOC was unchanged.
This suggested that the SRDOC had very little effect in reducing the toxicity of these
AgNPs, which again alluded to the stability of AgPVP. The increase in the dissolved Ag
values of AgNO3 in SRDOC was inconclusive as the values were greater than that of
AgNO3 in MHW. The increased dissolved silver in SRDOC was probably due to
experimental error. The decrease in the dissolved Ag with the AgPEG and AgGA in
SRDOC explained the reduced toxicity in D. magna.
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CHAPTER SIX
CONCLUSIONS AND FUTURE STUDIES
The objectives of this study were to determine the 48h acute toxicity of three
AgNPs in MHW augmented with two different concentrations of SRDOC to D. magna
and to test the hypothesis that the toxicity of AgNPs to D. magna can be explained by its
ionic silver concentration. The results indicated that in MHW, AgNO3 was the most toxic
to D. magna (LC50 1.06 µg Total Ag/L), AgPVP was the least toxic (LC50 14.81µg
Total Ag/L) and there was no significant difference in toxicity between AgGA (LC50
3.16 µg Total Ag/L) and AgPEG (LC50 3.41µg Total Ag/L). In MHW, the dissolved
silver concentrations at the Total Ag LC50 value were similar for all nanoparticles and
AgNO3. This result confirmed our hypothesis that toxicity of AgNPs to D. magna was a
function of ionic silver concentration.
The results also indicated that the presence of SRDOC reduced the toxicity (48h
Total Ag LC50) of AgNO3, AgGA and AgPEG while that of AgPVP was unchanged.
There was a significant decrease in the dissolved silver concentration at the Total Ag
LC50 value for all the AgNPs in SRDOC. These results showed that the SRDOC served
as a source for ligands to bind the Ag+ and thus reduced the toxicity of the AgNPs to D.
magna.
Future studies will focus on 1) using microscopy techniques to obtain the
dissolution profile of the AgNPs as a function of time in the different media and (2)
determining the dissolution rates of the AgNPs in different media and using this data in
the Biotic Ligand Model as a predictive tool for Ag+ toxicity in aquatic organism.
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This study provides insight into the interaction of different AgNPs in different
media and its influence on bioavability and reactivity of AgNPs. It shows the need for
more research into the mechanism of the interaction of AgNPs coating and DOC. This is
important as the colloidal stability of NPs, in natural waters will determine their mobility
and persistence and thus, their toxicity to aquatic organisms. In this regard, careful
consideration should be given to the AgNP coating used in consumer products and also in
the design and manufacture of these particles. In addition, this study confirmed the
hypothesis that toxicity in D. magna is a function of silver ion concentration. This is
significant because once this has been established, then dissolution rates of these AgNPs
can be determined (experimentally) and used in the Biotic Ligand Model to predict the
toxicity of AgNPs to aquatic organism in different media.
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